The balance between immune effector cells and immunosuppressive cells and how this regulates the tumor microenvironment has been well described. A significant contribution of immune regulatory cells, including regulatory T cells, to tumor progression has been widely reported. An emerging body of evidence has recently recognized a role for B cells in modulating the immune response to tumors and lymphoid malignancies. Regulatory B cells (Bregs) are a newly designated subset of B cells that have been shown to play a pivotal role in regulating immune responses involved in inflammation, autoimmunity and, more recently, cancer. Bregs can suppress diverse cell subtypes, including T cells, through the secretion of anti-inflammatory mediators, such as IL-10, and can facilitate the conversion of T cells to regulatory T cells, thus attenuating anti-tumor immune responses. Similar B-cell subpopulations have been reported to be recruited to the tumor but to acquire their immunosuppressive properties within the tumor bed and thereby attenuate anti-tumor immune responses. However, despite a pivotal role for Bregs in promoting inflammation and carcinogenesis, the phenotypic diversity of the cell surface markers that are unique to Bregs remains unclear in mice and humans. In this review, we summarize the characteristics of Bregs and review our current knowledge of Bregs and their inhibition of anti-tumor immune responses in murine tumor models and cancer patients.
INTRODUCTION
The dynamic relationship between the immune system and cancer development has been well described over the past few decades. The tumor cell microenvironment plays a crucial role in modulating immune responses during cancer progression. 1, 2 Although current immunotherapeutic strategies focus extensively upon the augmentation of T-cell-mediated immunity, B cells are increasingly being appreciated as crucial players in cancer therapies. 3 Peripheral B cells are identified by an array of phenotypic surface markers, which are used to divide them into various subsets (Table 1) in both mouse and human studies. [4] [5] [6] [7] These include transitional, 'immature,' B cells, which mature within the splenic microenvironment into cells that form the basis of adaptive humoral immunity: naive follicular B cells, germinal center B cells, memory B cells and antibody-secreting plasmablasts and plasma cells. [6] [7] [8] [9] [10] [11] In addition to these conventional B cells, there are marginal zone (MZ) B cells, which may represent a type of memory B cell that produce responses against blood-borne pathogens. 11, 12 In recent years, in addition to the well-established role of regulatory T cells (Tregs) in shaping anti-tumor immunity, 13 a new wave of research has described an emerging role for B cells with immunosuppressive and/or regulatory functions in modulating anti-tumor immune responses and in carcinogenesis. [14] [15] [16] [17] [18] Conversely, in several studies of murine cancer models and human tumors, B cells have been shown to possess a protective rather than an immunosuppressive function. [19] [20] [21] Hence, B-cell subsets with distinct phenotypes and functions may possess diverse roles in relation to antitumor responses. In this review, we focus on regulatory B cells (Bregs) and their functions in cancer.
CHARACTERISTICS OF REGULATORY B CELLS
B cells are classically known to positively modulate immune responses and inflammation through antibody production and to promote T-cell activation and proliferation through antigen presentation. 9 However, over the past decade, studies have provided well-founded evidence in both mice and humans of discrete subsets of immunoregulatory B cells. [22] [23] [24] [25] [26] [27] [28] These suppressor B cells have the capacity to maintain immune tolerance and to suppress pathological autoimmune and inflammatory immune responses, as well as to suppress responses during cancer immune surveillance, through the release of anti-inflammatory mediators, such as interleukin-10 (IL-10) and the expression of inhibitory molecules, such as PD-L1. [23] [24] [25] [26] [27] [28] [29] [30] The concept that suppressor B cells orchestrate immune modulation was first suggested nearly 40 years ago, when guinea-pig-derived splenocytes depleted of B cells were associated with the increased severity and duration of contact hypersensitivity, suggesting that B cells had the capacity to inhibit T-cell activation. 31, 32 These findings were later supported by a series of in vivo studies, in the late 1990s, showing that the adoptive transfer of activated splenic B cells induced tolerance and the differentiation of T cells into suppressor T cells in naive recipient mice. 33, 34 After these seminal observations, which designated a role for suppressor B cells in immune tolerance, the term 'regulatory B cells' (Bregs) was not coined until nearly 30 years later, by Mizoguchi and Bhan. 35 Mizoguchi et al identified a population of gutassociated, IL-10-producing, CD1d-expressing B cells that suppressed the progression of colitis-related intestinal inflammation by downregulating inflammatory cascades. 35 However, despite considerable progress in subsequent years toward showing a role for Bregs in the suppression of inflammatory responses in various models of disease, the phenotypic diversity of the cell surface markers that are unique to Bregs in mice and humans has remained unclear.
Mouse Breg subsets
Evidence that mouse Bregs exhibit immunoregulatory properties was initially illustrated in models of experimental autoimmune encephalomyelitis (EAE), 36 chronic intestinal inflammation 35 and collagen-induced arthritis, 22, 37 where the presence of IL-10-producing splenic B cells was associated with suppressed inflammatory cascades and reduced disease pathology, whereas their absence led to excessive inflammation and exacerbated disease progression. 22, [35] [36] [37] Although various approaches have led to the identification of murine Breg subsets (Table 2) , lack of a common phenotype with which to define Bregs has limited their study. Of the different immunosuppressive Breg subsets that have been identified in mice, Tedder and colleagues classified a unique subset of IL-10-producing CD1d high CD5 + B cells (B10 cells) that in mice and humans predominantly reside in the spleen. 23, 30 However, B10 cells are also distributed in gutassociated lymphoid tissues, including the peritoneal cavity and mesenteric lymph nodes. 23, 36, 45, 46 The greatest frequencies of B10 cells in the peritoneal cavity were identified within the CD5 + CD11b + B1a B-cell subset (38%) followed by the CD5 − CD11b + B1b (18%) and the CD5 − CD11b − B2 (4%) subsets. Peritoneal cavity B10 cells have been reported to regulate immune homeostasis within gut tissues by modulating CD4 + T-cell function and neutrophil infiltration in induced models of colitis. 45 B10 cells within other mucosal tissues constitute approximately 4% of the lamina propia, 3% of Peyer's patch B cells and 1% of the mesenteric lymph nodes. In addition, 3-8% of B10 cells have also been identified in the lymph nodes and peripheral blood. 46, 47 B10 cells have been shown to limit disease progression in EAE and in other murine models, including of arthritis, lupus and intestinal inflammation, via IL-10 secretion 24, [35] [36] [37] 23, 38, 49 The adoptive transfer of MZ and T2-MZP Bregs has been shown to limit the progression of lupus 24 and arthritis 40, 49 by reducing the T h 1/T h 17 cell frequencies and increasing the Treg B cell regulation in cancer and anti-tumor immunity A Sarvaria et al frequencies as a result of IL-10 secretion. 40 Similarly, a subset of B10 cells that is IgM hi CD1d hi CD5 + CD19 hi CD23 low CD38-hi B220 hi and is capable of differentiating into IgM-and IgGsecreting CD138 + plasma cells has also been reported. 50 CD138 + B cells have been shown to confer protection in various murine models, including EAE, experimental autoimmune uveitis, models of colitis, and Salmonella infection, through the production of IL-10 and IL-35. 42, 50 More recently, IL-10-producing plasmablasts (CD19 + CD138 + ) in the draining lymph nodes of mice have also been reported to exhibit suppressive capacity. 43 Furthermore, in the increasing list of phenotypic markers associated with murine Bregs are CD9, 51 Tim-1 41 and PD-L1. 30 PD-L1-expressing B cells have been shown to inhibit tumordirected cytotoxic T-cell functions, 52 reduce the expansion of CD4 + CXCR5 + PD-1 + follicular T helper cells and reduce the severity of EAE in mice through IL-10 production. 30 A recent study has also shown an immunosuppressive population of CD39 + CD73 + adenosine-producing Breg cells that limit the severity of colitis 53 and inhibit effector T-cell activation by utilizing adenosine and IL-10. 54 Owing to its critical role in mediating Breg suppression, IL-10 secretion is largely, but not exclusively, used as a marker for Breg study.
Human Breg subsets
In recent years, several studies have made remarkable progress toward identifying discrete human Breg subsets that are involved in the maintenance of immune tolerance (Table 3) .
Tedder and colleagues identified a population of human IL-10-producing Bregs named B10 cells, which are akin to murine B10 cells, and these cells suppress monocyte proliferation and cytokine production and are enriched within the CD24 hi CD27 + memory B-cell population in peripheral blood. 26 In contrast, Mauri and colleagues have elegantly described an enriched population of IL-10-producing B cells within the CD19 + CD24 hi CD38 hi B-cell compartment, a phenotype that is typically characteristic of immature, transitional, B cells in peripheral blood. 25, 56 CD19 + CD24 hi CD38 hi B cells have been reported to suppress CD4 + T-cell proliferation and cytokine production; T h 1 and T h 17 differentiation; and HIV-1-specific CD8 + T-cell responses, as well as convert naive CD4 + T cells into Foxp3 + Tregs and IL-10-producing Tregs. 25, 56, 61, 62 The inhibitory activity of CD19 + CD24 hi CD38 hi Bregs was found to be dependent on IL-10 production, cell contact mediated by CD80-CD86 and, perhaps, PD-L1 expression. 25, 61, 62 In contrast to the studies described above, IL-10 + B cells have been shown to fall within both the CD27 + memory B cell and CD19 + CD24 hi CD38 hi transitional B-cell pools, which suppress CD4 + T-cell proliferation and effector function. 27, 63 Furthermore, the presence of IL-10-producing B cells has also been identified within the naive CD27 -B-cell population. 64 More recently, Sarvaria et al. reported the presence of IL-10-producing Bregs in cord blood-derived naive and transitional B-cell compartments; they were reported to confer protection against chronic graft versus host disease by suppressing T-cell proliferation as well as effector function through IL-10 production and cell-to-cell contact involving CTLA-4. 65 Other phenotypes that have been described for human Breg subsets include CD19 + CD24 hi CD27 int IL-10 + plasmablast regulatory B cells, which suppress autoimmune inflammation. 43 In accordance with these findings, a recent study reported the presence of IL-10-producing B cells within both the CD24 hi CD27 + and CD27 high CD38 high plasmablast B-cell compartments, which are important in the regulation of human cGVHD. 58 Furthermore, IgG4-expressing human inducible CD25 hi CD71 hi CD73 lo IL-10-secreting B regulatory 1 cells have been found to potently suppress antigen-specific CD4+ T-cell proliferation, underlining a novel role for Bregs in allergen tolerance. 60 In addition, CD39 + CD73 + adenosine-producing 59 Human CD19 + CD25 high Bregs have also been noted to suppress CD4 + T-cell proliferation and enhance CTLA-4 and Foxp3 expression in Tregs via secretion of IL-10 and TGF-β. 67 Taken together, although human Bregs have not been as extensively characterized as murine Bregs, emerging evidence on the importance of human Bregs in homeostasis has been reported. However, some controversy over the overlapping Breg phenotypes highlights the need for more extensive characterization of both mouse and human Bregs to improve our current understanding of Breg biology. These discrepancies reported in the characterization of Breg surface markers may be due to the different strategies that have been used to identify Bregs (membrane markers in one case and IL-10 intracellular staining in the second case). Thus, it is currently unclear whether the regulatory activity of Bregs is a feature that is specific to B-cell subsets or whether all B cells can acquire suppressive function in response to environmental stimuli. Nevertheless, akin to murine studies, IL-10 production is largely, although not exclusively, regarded as a crucial indicator of human Bregs, and the suppressive activity of Bregs both in vivo and in vitro currently serves as a vital standard in the study of Bregs.
B-CELL REGULATION IN THE IMMUNE SYSTEM
Bregs have been reported to modulate immune responses through diverse mechanisms that target different immune cell types ( Figure 1 ).
Role of IL-10 in Breg function
The suppressive effect of Bregs on the production of IL-17 and IFN-γ by Th17 and Th1 cells, respectively, and on the differentiation of T cells into Th17 cells in an IL-10-dependent fashion has been described. 37, 56 In addition, Bregs have been shown to suppress CD4 + T-cell proliferation and pro-inflammatory cytokine production through IL-10 25,27 and induce CD4 + T-cell death through the expression of FasL. 68 In addition to regulating CD4 + T-cell function, both human transitional and MZ Breg subsets have been shown to suppress CD8 + T-cell responses in an IL-10-dependent fashion. 39, 57 Hence, the dynamic and diverse interactions between Bregs and T cells play a pivotal role in immune regulation. Moreover, studies have demonstrated that Bregs not only can suppress T-cell effector responses but also can generate conventional Treg cells and IL-10-producing T cells from effector T cells through the production of IL-10. 37, 56 Carter et al indicated that IL-10-producing B cells are in contact with CD4 + CD25 -T cells for a longer period of time than IL-10-deficient B cells, which allows IL-10 + B cells to convert effector T cells into IL-10-producing suppressive T cells. 40 In addition to modulating T-cell functions, Bregs have been reported to suppress monocyte proliferation and cytokine production, which are mediated by IL-10 production. 26 Furthermore, Bregs can also induce dendritic cells to produce IL-4 and downregulate IL-12, thereby affecting the Th1/Th2 balance. 69 IL-10 has been posited to have a role in this immunoregulatory process. 69 Moreover, Bregs have also been shown to suppress IFN-γ production by NK cells via the production of IL-10. 15 
IL-10-independent roles of Bregs
In addition to IL-10 production, other mechanisms of Breg function have also been reported. IL-35-producing Bregs have been implicated as key players in the negative regulation of T-cell immunity during autoimmune and infectious diseases. 42 Furthermore, Bregs have also been noted to suppress CD4 + T-cell proliferation 68 and cytokine secretion and 70 CD8 + T-cell responses, 71 as well as to enhance CTLA-4 and Foxp3 expression in Tregs 67 via the secretion of TGF-β. IL-21-induced B cell regulation in cancer and anti-tumor immunity A Sarvaria et al granzyme B-expressing Bregs have also been shown to modulate T-cell responses. 59, 72 In addition, the interaction between CTLA-4 and CD80/CD86 co-receptors has been proposed as a suppressive mechanism of Breg subsets. 65 Further to these observations, Bregs have also been implicated in the maintenance of iNKT homeostasis. CD1d-mediated lipid antigen presentation by the human transitional Breg subset has been shown to activate and expand the iNKT pool, thus indicating a crucial role for Bregs in iNKT homeostasis. 73 The diverse suppressive mechanisms of Breg function suggest that Bregs play a multifaceted role in immune regulation. Furthermore, although IL-10 has been implicated as the predominant effector of B-cell immunoregulatory activity in mice and humans, IL-10-independent suppressive mechanisms have also been reported. One possible explanation for this may be the different markers that have been used to define Bregs in various studies. Many surface markers that are used to characterize and isolate Breg subsets are either up-or downregulated during immune activation, which has led to a number of discrepancies in the definition of Breg subsets depending on the experimental conditions. Therefore, the mechanisms of Breg action may be varied and are still controversial. Hence, standardization of markers or the identification of a Breg cell-specific transcription factor, similar to Foxp3 for Treg cells, with which to characterize Bregs remains a challenge for future research. For these reasons, the suppressive activity of Bregs, via both direct and indirect mechanisms, currently serves as the gold standard for identifying Breg populations in various disease models. However, there are limited data on their role in the setting of cancer.
B CELLS IN CANCER
Although extensive research during the past decade has largely focused on the role of T cells in the field of immuno-oncology, a new wave of research has provided new insight into the potential association of B cells in carcinogenesis and tumor progression. B cells have been reported to play both positive and negative roles in tumor immunity.
Negative regulation of cancer by murine B cells
Previous studies have suggested that murine B cells can promote anti-tumor immunity by facilitating T-cell-mediated immune responses that inhibit tumor development, and these responses are impaired in B-cell-depleted mice with B16 melanoma tumors. 19 The indication that B cells augment T-cell immunity was reinforced when an increased tumor burden was observed in the lungs of melanoma-bearing mice following anti-CD20 antibody-mediated depletion of CD20 + B cells. CD20-depleted mice exhibited suppressed anti-tumor T-cell responses, suggesting that B cell and T-cell interactions are required to promote T-cell anti-tumor immunity. 74 A further role for B cells in impairing tumor development was suggested by the observation that activated B cells were highly cytotoxic toward tumor cells, which was mediated by IgG2b. 20 In addition, the presence of pulmonary host B cells was noted to promote IFN-γ production and facilitate the killing of tumor cells by NK cells, suggesting a protective role for effector B cells against tumors. 75 Taken together, these studies suggest a role for B cells in preventing tumor development. However, the findings from tumor experimental models may have limited application in the clinical setting as they involve preventing tumor development rather than the treatment of established tumors.
Positive regulation of cancer by murine B cells
The first indication that B cells could be tumor promoting came from studies that were conducted almost 60 years ago. In these early works, the adoptive transfer of tumor-specific antibodies amplified the growth of transplanted tumor cells and chemically induced tumors, whereas the absence of B cells impaired tumor development. [76] [77] [78] Subsequently, Coussens and colleagues showed that the presence of B cells in a murine model of squamous carcinogenesis reduced the infiltration of immune cells and fostered the progression of skin carcinoma. Despite low B-cell infiltration in the carcinoma lesions, antibodies secreted by B cells formed immune complexes that bound to Fc-gamma-activating receptors at neoplastic lesions at the tumor site. Consequently, myeloid cells including macrophages were recruited and primed to secrete immunoregulatory cytokines, supporting a subsidiary role for B cells in promoting inflammatory cascades during carcinogenesis. 17, 79 These observations suggest a role for B-cell-derived antibodies in tumor progression. Furthermore, in addition to antibody production, B-cell-derived lymphotoxin α/β has also been implicated in promoting tumor growth in castration-resistant prostate cancer in mice. 80 After castration, secretion of lymphotoxin α/β by infiltrating B cells within the regressing tumor activated the inhibitor of NFkB a-kinase and STAT3, thus promoting androgen-independent tumor growth, which promoted relapse. 80 Moreover, tumor-associated B cells that contain activated STAT3 have also been shown to promote angiogenesis, whereas B cells without STAT3 activation have the opposite effect in B16 melanoma and Lewis Lung Carcinoma mouse models. 81 Hence, inhibition of STAT3 signaling may be a potential therapeutic target for the reduction of tumor growth.
In accordance with these findings, reduced tumor burden following anti-IgM antibody-mediated B-cell depletion in tumor-bearing mice also strengthened the role of B cells in positively regulating tumor progression. 82 More recently, crosstalk between B and T lymphocytes has also been postulated to have a role in cancer progression. An increased T-cell immune response against adenocarcinoma tumor cells was observed in B-cell-deficient mice, whereas the presence of B cells has been postulated to inhibit cytotoxic T-lymphocyte-mediated tumor immunity. 14 In addition, anti-CD20-mediated B-cell depletion was reported to augment T-cell responses through increased T-cell priming, whereas the presence of B cells correlated with suppressed anti-tumor immunity and a limited repertoire of T helper cells, 14, 83 suggesting that B cells may inhibit T cell cytokine secretion and consequently support tumor growth. Thus, given the role of B cells in the positive regulation of tumor progression and carcinogenesis, findings from these murine studies suggest that some cancer patients may benefit from B-cell inactivation while others may benefit from B-cell depletion. However, despite the presence of naturally occurring antibodies that are expected to kill tumor cells by complement activation, thereby causing antibody-mediated cellular cytotoxicity or initiating apoptosis, tumors can progress. One possible explanation for this may be that antibodies target autoantigens that are expressed on the surface of tumor cells, and as a result of tolerance mechanisms, high-affinity antibodies cannot be made in sufficient titers to mediate an effective antitumor response. However, vaccines that increase the endogenous production of these antibodies may possess therapeutic potential. For example, vaccination with a recombinant adenovirus expressing a truncated HER-2/neu antigen has been reported to produce sufficient amounts of antibodies to target HER-2/neu and eradicate breast cancer in a murine model. 84 
Negative regulation of cancer by human B cells
Findings that human B cells negatively modulate tumor growth were noted when the presence of CD20 + B-cell tumorinfiltrating lymphocytes in ovarian cancer, non-small lung carcinoma and cervical cancer correlated with improved survival and lower relapse rates. 21, 85, 86 Findings from these studies showed that tumor-infiltrating B cells correlate with favorable outcomes. The potential mechanisms underlying B-cell anti-tumor immunity may involve the secretion of effector cytokines, such as IFN-γ, by B cells, which could polarize T cells towards a Th1 or Th2 response or promote T-cell responses through their role as antigen-presenting cells. Further study on how B cells negatively regulate cancer could have important implications for developing effective anticancer therapies. Another example of the protective effect of B cells in cancer is CpG-activated B cells that are capable of killing tumor cells through TRAIL/Apo-2L-dependent mechanisms, thus suggesting a novel role for B-cell-mediated direct cytotoxicity in cancer. 87 Further support for the cytotoxic potential of B cells was reported in B-chronic lymphocytic leukemia, where IL-21 and CpG-treated leukemic cells produced elevated levels of granzyme B and induced apoptosis in bystander B-chronic lymphocytic leukemia cells. 72 The results from this study shed light on new avenues of inducing the cytotoxic potential of B cells to treat B-cell malignancies.
Positive regulation of cancer by human B cells
Human B cells also have been shown to foster tumor progression. Akin to murine studies, the presence of B cells with activated STAT3 in human tumor tissues was also found to correlate with the severity of tumor angiogenesis, thereby identifying B cells with STAT3 activity as mediators of tumor progression and potential targets for cancer therapy. 81 Furthermore, the infiltration of CD19 + B cells in patients with metastatic ovarian carcinoma is associated with poor disease outcome. 88 In addition, an increase in CD20 + and CD138 + B-cell infiltration in patients with epithelial ovarian cancer was associated with poorer prognosis. 89 In contrast to this observation, increased CD20 + B-cell infiltration has also been correlated with a better prognosis, possibly because the tumorinfiltrating B cells may act as antigen-presenting cells to mediate cytolytic T-cell responses against tumors. 21 Thus, there have been conflicting reports regarding the role of tumorinfiltrating CD20 + B cells. It is possible that CD20 + B cells may function as antigen-presenting cells to aid in anti-tumor immunity, and CD138 + plasma cells may secrete antibodies or function as Bregs and promote tumor growth. Better characterization of these B-cell subpopulations may provide further insight into these conflicting results. Furthermore, reduced tumor burden following partial B-cell deletion with rituximab was observed in 50% of patients with advanced colorectal cancer, which supported a role for B cells in positively regulating tumor progression. 82 Moreover, better prognosis in 40% of breast carcinoma patients was associated with the presence of tumor-specific T-cell responses in the bone marrow, whereas in approximately 50% of patients, the presence of tumor-specific natural antibodies correlated with the absence of bone marrow tumor-specific T cells and advanced tumor stage. 90 The results from these clinical observations suggest that B cells and their underlying mechanisms may have regulatory properties that facilitate tumor progression.
REGULATORY B-CELL SUBSETS IN CANCER
It has been extensively acknowledged that numerous discrete immunogenic cancers are driven by a chronic inflammatory milieu, which is generally associated with tumor progression. 1, 2 Thus, given the ability of B cells to harness T-cell responses and promote tumor growth, a role for Bregs has recently been implicated in cancer.
Mouse Breg subsets in cancer Schioppa and colleagues identified a population of splenic IL-10-producing CD19 + CD21 + Bregs implicated in the suppression of CD8 + IFN-γ + T cells, which promoted papilloma development and cancer growth in a model of induced skin carcinogenesis. 18 They also reported that TNF-α mediated the suppressive capacity of IL-10-producing Bregs in limiting antitumor immunity and promoting tumor development. 18 Similarly, splenic cells from B-cell-deficient mice exhibited increased IFN-γ production by CD8+ T cells and NK cells following stimulation and co-culture with irradiated tumor cells in vitro compared with wild-type cells. 15 IFN-γ production is inversely correlated with IL-10 production in B cells and provides additional insights into the mechanisms of Bregs in increasing tumor progression. 15 The findings from this study suggest that the specific inhibition of Bregs warrants further research.
In addition, the role of IL-10-producing Bregs was also reported in chronic lymphocytic leukemia (CLL), where CLL cells were reported to resemble Bregs in terms of their phenotype (CD1d high CD5 + ) and ability to secrete IL-10, which indicated that Bregs might promote malignant expansion. 91 Moreover, the presence of IL-10-producing Bregs was shown to inhibit the therapeutic efficacy of the humanized anti-CD20 antibody rituximab, which has proven to be effective in the treatment of non-Hodgkin lymphoma and CLL through B-cell depletion. 91 Since Bregs express low levels of CD20, CD20-depletion mostly enriched tumor-induced Bregs and subsequently enhanced metastasis in a murine model of breast cancer. 91, 92 In addition, IL-10-producing CD1d high CD5 + Bregs were reported to increase tumor burden by suppressing the phagocytic capacity of macrophages/monocytes both in vivo and in vitro. 91, 93 These findings suggest a role for IL-10-producing Bregs in suppressing anti-tumor immunity, which is required for the clearance of anti-CD20-bound tumor cells and augmenting the development of lymphoma resistance to anti-CD20 therapy. However, this study did not evaluate the efficiency of Breg depletion following anti-CD20 antibody treatment; it would be interesting to study the presence of anti-CD20-antibody-resistant Bregs. These findings were, however, reconciled by reports on the presence of an enriched population of CD20 low 4-1BBL low B cells, which exhibited increased T-cell suppressive effects ex vivo compared to control mice following anti-CD20 therapy in 4T1 tumor-bearing mice. 92 However, treatment with CPG-ODN upregulated CD20 and 4-1BBL expression, inhibited B-cell suppressive function and reversed the enhanced metastasis induced by anti-CD20 therapy. 92 The relative enrichment of CD20 low 4-1BBL low Bregs may be a plausible explanation for the limited success of rituximab in patients with melanoma and renal cell carcinoma, 94 and strategies using CPG-ODN may be useful in reversing the induction of Breg suppression.
In addition to these findings, the presence of tumor-induced Bregs has also been reported. IL-21-induced granzyme B-expressing Bregs have been implicated in various types of tumors, such as ovarian, cervical, breast, prostate and colorectal carcinomas, where they have been noted to modulate cellular adaptive immune responses by facilitating tumor escape mechanisms against antitumor immune attack. 59 In addition, a preferential accumulation of the T2-MZP Breg subset in the tumor-draining popliteal lymph nodes of tumor-bearing mice was reported to accelerate tumor growth. 55 However, the mechanisms by which T2-MZP Bregs promote tumor growth require further study. Similarly, the presence of tumor-infiltrating B cells with increased expression of PD-L1, LAP/ TGF-β, CD80 and CD86 compared to splenic B cells in vivo suppressed CD4 + T cell, CD8 + T cell and NK cell proliferation. 95 Monoclonal antibodies targeting TGF-β or PD-L1 dramatically suppressed tumor growth in wild-type mice, suggesting that targeting this unique Breg subset could be a potential therapeutic target. 95 Mechanisms underlying the recruitment and induction of Breg activity are being studied.
Furthermore, Bregs have also been shown to promote tumor growth by recruiting Tregs that suppress T-cell-mediated cytotoxic activity against EMT-6 tumor cells and reduce tumor infiltration by CD8 + T cells and CD49 + NK cells within the tumor microenvironment. 96 Although the suppressive mechanisms whereby B cells mediate antineoplastic effects were found to be independent of IL-10 and require further study, B cell-T cell crosstalk is likely involved. In accordance with these findings, Olkhanud et al identified a unique population of tumor-evoked CD19 + B220 + CD25 + B cells (termed tBregs by the authors) that facilitated the progression of tumor metastasis in the lungs of a murine breast cancer model, 4T1. 97 The 4T1 tumor cells directly evoked the generation of tBregs by producing uncharacterized soluble factors, which requires further study. The induced tBregs suppressed T-cell proliferation and induced the conversion of naive CD4 + T cells into FoxP3 + Tregs, which was mediated by TGF-β secretion and cell-to-cell contact between T and B cells. 97 The transformed Tregs were then reported to suppress the antitumor defenses of NK cells, thereby favoring tumor metastasis. 97 It is noteworthy that the inhibitory role of Bregs was dependent on TGF-β, and the authors did not describe a role for IL-10 in this study, similar to a previous observation in a similar setting. 96, 97 One possible explanation for this may be the different markers that were used to characterize Bregs in this setting; hence, the standardization of markers that are used to characterize Bregs remains a challenge for future research. Furthermore, although the authors showed that the majority of CD19 + tBregs were also B220 + , the anti-B220 antibody-mediated depletion of B220 + cells was sufficient to reduce lung metastases in mice, but it was not accompanied by a decrease in CD19 + B cells. 97 Thus, adoptive transfer of CD19 + tBregs would help to further understand their role in mammary carcinoma. Overall, the above study supports the role of tBregs in facilitating the establishment of lung metastasis through the suppression of T-cell-mediated anti-tumor immunity and the induction of regulatory cells. Another study of the 4T1 breast cancer model also supported the ability of Bregs to induce Tregs. 97 Non-metastatic cancer cells produce metabolites of the 5-lipoxygenase (5-LO) pathway, which induce the development of tBregs through peroxisome proliferator-activated receptor α (PPARα), which then suppress proliferation and induce Treg conversion. 98 These findings further reinforced a role for BregTreg crosstalk in fostering tumor progression within the tumor microenvironment. Collectively, murine Bregs have been shown to suppress anti-tumor immunity and promote tumor growth, underscoring the importance of targeting Bregs for cancer therapy.
Human Breg subsets in cancer
Aside from the role of mouse Bregs in cancer, a new wave of evidence has also implicated a role for human Bregs in cancer progression. Similar to the murine studies, analysis of IL-10-producing CD1d high CD5 + B cells isolated from CLL patients treated with rituximab revealed that anti-CD20-mediated B-cell depletion mostly enriched a Breg pool. The enriched Bregs were postulated to suppress the anti-tumor immunity required for the clearance of anti-CD20-bound tumor cells, causing patients to develop lymphoma resistance towards anti-CD20 therapy and/or eventually relapse as a result of enhanced cancer progression. 91, 92 In addition, higher frequencies of IL-10-producing CD19 + CD5 + Bregs have also been correlated with the increased clinical progression of esophageal cancer. 99 Moreover, CD5 + Bregs have been proposed to promote cancer through the suppression of anti-tumor responses via activated STAT3, a transcription factor that contributes to IL-10 secretion. 100 Furthermore, upregulation of IL-10-producing Bregs was reported to correlate with increased frequencies of CD4 + CD25 + CD127 low Tregs and CD14 + HLA -DR low myeloid-derived suppressor cells as well as increased progression of carcinoma and reduced patient survival. 101 ,102 IL-10 secretion by Bregs was reported to induce the conversion of CD4 + T cells into Tregs and could be one of the mechanisms that modulate cancer progression. 102 In accordance with these findings, patients with ovarian cancer also express elevated frequencies of IL-10-producing naive or IgM + memory B cells that correlate with higher frequencies of FoxP3 + CD4 + Tregs and exhibit suppressed IFN-γ production by CD8 + T cells, which is mediated through both IL-10 secretion and cell-to-cell contact via CD80/ CD86 expression. 103 The positive correlation between high Breg and Treg frequencies has also been reported in patients with gastric cancer, where IL-10-producing CD19 + CD24 hi CD38 hi Bregs were found to suppress CD4 + T-cell cytokine secretion and induce the differentiation of Tregs, which was mediated by TGF-β1. 70 More recently, a bone marrow-derived CD19 + CD24 high CD38 high Breg population was also reported to abrogate NK cell-mediated ADCC against multiple myeloma cells in multiple myeloma patients though the production of IL-10. 104 Collectively, these findings implicate the role of Bregs in inhibiting T-cell-and NK cellmediated immunity and generating Tregs to promote cancer progression, which parallels studies of murine Bregs in cancer. The interaction of human Bregs with Tregs and their underlying mechanisms of aiding tumor immune escape warrant further investigation.
In addition to the conventional human Breg phenotypes described above, a unique subset of PD-1 hi -expressing CD5 hi CD24 − /+ CD27 hi/+ CD38 dim Bregs induced by human hepatocellular carcinoma (HCC) environmental factors, such as TLR4-mediated BCL6 upregulation, has also been reported to suppress T-cell anti-tumor immunity and foster tumor progression through IL-10 secretion and PD-1 expression. 105 The results from this study shed light on new avenues to inhibit Breg function in cancer immunotherapy, such as targeting the PD-1/PDL-1 axis. Moreover, an increased percentage of CD19 + CD24 + CD38 + Bregs in HCC patients has also been found to correlate with advanced tumor staging compared to patients with early stages of HCC and healthy controls. 106 CD19 + CD24 + CD38 + Bregs in HCC patients have been shown to promote HCC cell growth through direct interactions with hepatic cancer cells via the CD40/CD154 signaling pathway, thus supporting a role for Bregs in cancer progression. 107 Furthermore, glioma cell-derived placental growth factor has been shown to promote the proliferation of intratumoral B cells by inducing their differentiation from naive B cells into TGF-β + Bregs that suppress CD8 + responses. 71 Thus, placental growth factor may play a key role in mediating the induction of regulatory phenotypes in B cells.
The findings from the studies of human Bregs in cancer underscore the ability of different Breg subsets to mediate immunosuppression in support of tumor growth through the suppression of effector T cells and NK cells and the expansion of suppressive Tregs and myeloid-derived suppressor cells to limit anti-tumor immunity. It is unclear whether Bregs actively promote tumor growth or if an increase in the Breg population merely reflects an immune response against the tumor. However, in order to identify whether Bregs enhance tumor progression, strategies to deplete or inhibit Bregs via cancer immunotherapy are required. Although strategies to deplete B cells may potentially improve the results of cancer immunotherapy by eradicating Bregs and promoting anti-tumor immunity, interestingly, not all strategies of B-cell depletion have achieved equal success. This has been illustrated through several studies that have reported a limited efficiency or failure of α-CD20 mAb therapy in several tumor models. A possible explanation for this could be the presence of anti-CD20-antibody-resistant B cells or Breg subsets that escape anti-CD20 therapy. Therefore, to reconcile findings from previous studies with the current view that immunosuppressed individuals present an increased incidence of certain types of cancer, 17 further studies investigating the effects of different strategies of targeting B-cell subsets and different timing of B-cell depletion on tumor progression are required. Furthermore, B-celldepleting antibodies cannot distinguish between effector and regulatory B-cell subsets. Although several markers have been used to characterize the majority of IL-10-producing Bregs, they are not sufficiently specific to Bregs to be used in cellular therapy. Thus, further meticulous characterization and study of Breg subsets in the tumor microenvironment will be required to identify Breg-specific targets that could be used to selectively deplete key Breg populations and to fine-tune anticancer immunotherapies.
Development of Bregs in the tumor microenvironment
To date, relatively little is known about the development of Bregs in the tumor microenvironment. Previous studies have shown that tumor cells may attract naive B cells into the tumor microenvironment through chemoattractants and promote their differentiation into Breg cells through secreted factors and cell contact-dependent mechanisms. An expanded subset of CD25 + CD19 + CD220 + tBregs that facilitated tumor metastasis was shown to be induced by soluble factors in a 4T1 murine cancer model. 97 4T1 murine cancer cells have been reported to induce the differentiation of tBregs by producing metabolites of the 5-LO pathway, such as leukotriene B 4 , which activates the PPARα receptor expressed by B cells. 98 Inhibitors of the 5-LO pathway were found to reduce the generation of tBregs, highlighting the crucial role of PPARα activation in the differentiation and suppressive activity of tBregs. 98 Other factors have also been implicated in the differentiation of B cells into Bregs within the tumor microenvironment. Glioma cell-derived placental growth factor has been shown to induce the regulatory phenotype and proliferation of intratumoral B cells by promoting their differentiation from tumor-infiltrating B cells into TGF-β + Bregs. 71 Moreover, TNF-α secreted by tumor cells and IL-21 secreted by T cells have also been recognized as Breg-induced factors in the tumor microenvironment. 18, 59 In addition to soluble factors, cell contact via CD40L, which is expressed on tumor cells, was reported to induce CD19 + IL-10 + Bregs through the CD40-CD40L pathway, 102 which is consistent with previous findings where CD40L expression triggered the differentiation of Bregs. 56 However, upon CD40 blockade, the induction of Bregs was not completely inhibited, suggesting that other factors are likely involved in Breg development. 102 Furthermore, cell contact via the PD-1-PD-L1 axis has also been shown to increase tumor infiltration by Bregs. 105 Collectively, the studies above suggest that one potential immune escape mechanism employed by tumor cells to generate an immunosuppressive environment that supports tumor growth could be by inducing Breg differentiation via cell-cell contact and soluble factors. Tumor cells may promote Breg differentiation either directly (by releasing soluble factors or through cell contact) or indirectly by recruiting other immune cells, such as IL-21-producing T cells, which in turn induce the generation of suppressive Bregs within the tumor microenvironment. However, further investigation into the exact mechanisms that underlie the conversion of normal B cells into tBregs and the origin and nature of the signals that induce Breg differentiation and suppressive activity in the tumor microenvironment will allow us to more accurately and effectively manipulate Breg-targeted therapy. Hence, study of the factors that could reshape and reset the immune system merits further investigation.
FUTURE DIRECTIONS AND CHALLENGES
The suppressive capacity of Bregs has attracted increasing attention in disease regulation as well as in attenuating immune responses and facilitating Treg differentiation in various immune-related pathologies, including cancer. However, much remains to be understood regarding the biology of Bregs in mice and humans.
Bregs have been reported to promote tumor progression by interacting with tumor cells, by suppressing anti-tumor responses to help tumor cells evade immune surveillance and by negatively affecting the effectiveness of immunotherapies involving tumor-targeted monoclonal antibodies. However, complete understanding of the nature of the cellular and/or soluble factors involved in promoting the induction of Bregs during cancer progression remains understudied. The current understanding is that as long as the cancer persists, it will induce tBregs, which will initiate a chain of suppressive events. However, further characterization of pro-vs. antitumor B-cell subsets should help to identify the exact role of Bregs and related factors in the tumor microenvironment. Furthermore, regulating the activity of these Breg-suppressive cells in the tumor microenvironment without compromising peripheral tolerance remains a significant challenge for cancer immunotherapy. For example, B-cell depletion using anti-CD20 antibodies and/or inhibitors of B-cell signaling pathways (for example, ibrutinib) in cases where B cells are considered to be the main drivers of disease pathology may need to be reconciled with strategies to selectively target Bregs to treat cancer. Moreover, recent accomplishments in reversing B-cellmediated immune suppression by using anti-PD-1 antibodies (also called checkpoint inhibitors), such as nivolumab or pidilizumab, in early Phase I/II trials to treat Hodgkin's and non-Hodgkin's lymphomas, have supported the therapeutic strategy of targeting Bregs.
Reports on B-cell depletion in cancer models have drawn the interest of a wide spectrum of immunologists and clinicians. However, it is essential to first understand the differentiation and function of these cells in more detail. Despite the extensive body of evidence suggesting a role for Bregs in cancer progression, controversy over the paucity of markers that can unequivocally identify Bregs, particularly in humans, remains a subject of debate and represents a significant challenge for Breg-based cancer therapies. The discrepancies reported in the phenotypic characterization of Bregs may stem from the different strategies used to identify and purify Breg subsets. At present, there is limited evidence supporting the hypothesis that Bregs belong to a unique lineage. New findings regarding the plasticity of lymphocytes support the idea that Bregs and B effector cells arise from the same progenitors, which are capable of being reprogrammed according to the immunological requirements of the inflammatory environment. Thus, it is currently undetermined whether the regulatory activity of Bregs is a feature that is specific to B-cell subsets or whether all B cells can acquire suppressive functions in response to environmental stimuli. Although IL-10 production by Breg subsets is largely used as a marker for Breg identification, Bregs have been shown to mediate immune suppression through both IL-10-dependent and independent mechanisms. For this reason, the suppressive activity of Bregs both in vitro and in vivo currently serves as the gold standard in the study of Bregs. The question of whether all IL-10-producing B cells are suppressive irrespective of their phenotype, whether multiple Breg subsets exist and whether they are all equipollent has yet to be determined.
In conclusion, there have been many advances in the understanding of Breg cells and the mechanisms that control Breg cell differentiation. Taken together, the identification of a unique Breg signature and the complete understanding of the interactions between Bregs and other components of the immune system in the setting of cancer are necessary. Future research efforts should focus on investigating the utility of Bregs as a biomarker of clinical outcome in cancer and providing new avenues for Breg-targeting immunotherapies that augment the anti-tumor immune response against tumors and cancer progression.
CONCLUSION
In summary, the relationship between cancer escape and the immune system in regulating tumor progression has been well described in recent years. There is emerging evidence of the role of Bregs, a newly defined subpopulation of suppressor B cells, in regulating immunity to tumors and lymphoid malignancies. Although the role of human Bregs has not been explored as much as that of murine Bregs, there is convincing evidence for an anti-tumor Breg function in humans. As discussed above, Bregs in murine tumor models and cancer patients have been shown to promote tumor progression by attenuating anti-tumor immunity via the T-cell immune response suppression through the secretion of antiinflammatory mediators, such as IL-10, TGF-β and IL-35, and by facilitating the generation of Tregs. However, despite a pivotal role for Bregs in promoting inflammation and carcinogenesis, there is a lack of consensus on a unique signature with which to unequivocally identify Bregs, thereby limiting their study. Thus, additional work is necessary to identify cell surface markers that are unique to Bregs in mice and humans and to define Bregs as a biomarker of clinical outcome in cancer. In addition, continued effort toward studying the probable impact of targeting Bregs for augmenting antitumor immunity in cancer treatment will pave the way for novel Breg-based immunotherapies.
